Solving a novel problem and finding innovative solutions requires a flexible and creative recombination of prior knowledge. It is thought that setting a problem aside before giving it another try aids problem-solving. The underlying mechanisms of such an incubation period could include unconscious processing that fosters spreading activation along associated networks and the restructuring of problem representations. Recently, it has been suggested that sleep may also support problem-solving by supporting the transformation and restructuring of memory elements. Since the effect of sleep on problem-solving has been mainly tested using the Remote Associates Test, we chose three different tasks-classical riddles, visual change detection, and anagrams-to examine various aspects of problem-solving and to pinpoint taskspecific prerequisites for effects of sleep or incubation to emerge. Sixty-two participants were given two attempts to solve the problems. Both attempts either occurred consecutively or were spaced apart by a 3-hour incubation interval that was spent awake or asleep. We found that a period of incubation positively affected solutions rates in classical riddles, but not in visual change detection or anagram solving. Contrary to our hypothesis, spending the incubation period asleep, did not yield any additional benefit. Our study thus supports the notion that a period of letting a problem rest is beneficial for its solution and confines the role of sleep to memory transformations that do not directly impact on problem-solving ability. Key words: information processing; sleep/wake cognition; sleep and memory; problem-solving; riddles; change blindness; anagrams; insight; incubation
Introduction
Our ability to learn from experience allows us to efficiently adapt our behavior to similar situations in the future. Responding appropriately to unfamiliar contexts, however, often requires flexibly recombining prior knowledge in innovative ways. Identifying the mechanisms that allow us to creatively apply acquired strategies and to evaluate possible solutions to a new problem is subject to intense research [1] [2] [3] . It has been suggested that sleep might benefit this process by supporting the recombination of memory elements [4] [5] [6] [7] .
There is ample evidence that sleep after learning strengthens and stabilizes new memories [8] [9] [10] [11] [12] [13] . It has been shown that learning-related neural activity is replayed during sleep [14] [15] [16] [17] [18] and that a repeated reactivation of hippocampal-cortical cell ensembles drives concurrent reactivation in cortico-cortical networks [19] [20] [21] . This systems-spanning replay is thought to support a reorganization of memory representations on the neural level [22] [23] [24] , shifting the substrate that supports new memories from highly plastic hippocampal circuits to more stable neocortical regions. The fast-learning hippocampus acquires detailed episodic memories, whereas the slower learning neocortex retains more abstract, semantic information [22, 25, 26] . A change in the systems that support the memory may thus also entail a change in the quality of the memory representation, such as an integration with existing knowledge or the formation of new semantic concepts [6, 8, 27] .
Indeed, research has identified a variety of sleep-dependent processes resulting in qualitative changes of memories. Sleep helps to embed recent memories into existing cortical networks, such as in lexical integration tasks [28] . Furthermore, it supports the extraction of commonalities from different memory elements to form novel cognitive concepts, which can be observed in a strong but false memory for gist words in the false memory paradigm [29] . Additionally, sleep has been shown to facilitate the implicit extraction of statistical regularities from multiple events. After a period of sleep, participants are better at solving transitive inference tasks, show superior probabilistic learning and may gain explicit access to implicitly learned patterns and rules [6, 27, [30] [31] [32] .
Successful creative problem solving, however, goes beyond these functions. Here, the problem space, consisting of the mental representation of the problem itself and related prior knowledge, has to be thoroughly searched and existing memories or knowledge elements have to be transformed and recombined in new ways to reach a solution [4, 33] . Instead of extracting common features from multiple episodes, one specific problem statement has to be actively explored, decomposed and put back together before a solution becomes available [34] . While there are many anecdotal reports on the benefits of sleep on problem-solving [35] [36] [37] , evidence from experimental research on sleep's role in problem-solving is mixed [38] [39] [40] [41] [42] . Besides the above mentioned studies reporting a beneficial effect of sleep on the extraction of common features from multiple memory episodes that can lead to better solution of similar problems [6, 27, [30] [31] [32] , studies have mainly focused on creative problem solving by means of the Remote Associates Test [43] [44] [45] . Here, participants are typically presented with three semantically unrelated words (e.g. dust/cereal/fish) and their task is to find one word that is related to all three of them (e.g. bowl) [46, 47] . Rapid eye movement (REM) sleep is said to promote problem-solving in the Remote Associates Test [45] , and it has been shown that detecting difficult associates is easier after sleep compared to wake [44] . To our knowledge, only one study investigated the effect of sleep on a logical reasoning problem [42] . There, participants were given increasingly difficult logical reasoning problems in a video game until they were unable to proceed to the next higher level. Then, half of them were allowed to sleep while the others stayed awake. The nap significantly increased the chance of solving the level on which participants had previously been stuck.
Next to studies on the beneficial effects of sleep on problemsolving, there is extensive research on a more general effect of incubation, that is, the benefit of a period during which attention is diverted away from the problem [2, 3, 48, 49] . Seen as a key feature for creative problem solving, incubation has been incorporated into the so-called four-stage model proposed by Wallas [48] . The model assumes a preparation stage (1) followed by a period of incubation (2) , which may lead to insight (3) followed by verification of the proposed solution (4). Preparation and verification rely on explicit processes, while incubation is based on unconscious processing [3] . Putting off a problem before giving it another try leads to higher solution rates than working continuously on a solution [2, 50] . Incubation effects have especially been found for problems with a broad problem space, such as the alternative or unusual uses task, where participants are required to list as many possible uses for common items [49, 51] , or in the Remote Associates Test [46, 47] . This leads to the question whether the appearance of a solution after sleep is owed to mechanisms specific to sleep or whether it results from incubation.
In the present study, we, therefore, aimed to disentangle the effects of sleep and incubation on problem-solving. Using a between-participants design, standardized testing, and a blind rating procedure, we tested whether sleep aids creative problemsolving. We chose three different tasks-visual change detection, classical riddles, and anagrams-to examine various aspects of problem-solving and possibly identify task-specific prerequisites for effects of sleep or incubation. Change detection tasks are frequently employed to investigate visual information processing [52, 53] , but they also pose an information integration problem that has to be solved, albeit on a basal, perceptual level. Riddles investigate problem-solving in terms of selecting semantic information and forming novel task-related associations by crossing established boundaries [54] . Both tasks require convergent problem-solving abilities as they possess only one unique solution. Contrastingly, anagram tasks test divergent thinking and have been used extensively in research on problem-solving [55] [56] [57] [58] [59] [60] as well as in research on sleep-dependent cognitive flexibility [61] .
Participants were presented with the tasks and given a brief period to encode the problem representations and to solve the problems. They were given a second opportunity to reach a solution for the problems either immediately after their first attempt (no incubation) or after a 4-hour period (incubation). To disentangle effects of incubation and sleep, participants slept before or between the solution attempts or they stayed awake during the same periods.
Methods

Participants
Sixty-two (32 male) healthy, young participants (aged 23.7 ± 2.57 years [M ± SD]) entered analysis, 10 further participants did not show up for their appointment (5), did not complete the retest session (1), or had no recorded data because of a recording system malfunction. They gave informed consent in accordance with regulations of the Ethics Committee of the Department of Psychology at Ludwig-Maximilians-Universität München and were paid or received course credit for their participation. The sample size calculation was done in G * Power and based on Sio and colleagues [44] , assuming a medium-sized effect of η p 11 2 0 = .
and aspiring a statistical power of 80%. Participants were German native speakers, did not have any neurological conditions, reported a regular sleeping pattern of 6-10 hours per night, had no shift work or overseas flights in the 6 weeks prior to the experiment, were nonsmokers and did not take any medication other than oral contraceptives. Participants were no extreme morning or evening types (midsleep at 3:39 ± 48′) as assessed by the Munich-Chronotype-Questionnaire [62] . According to a sleep diary completed during the three nights preceding experimental testing, participants slept on average 7:22 ± 1:02 hours. On the day of the experiment, participants refrained from consuming alcohol or caffeine. For analyses of the change detection task, three participants were excluded due to poor performance (only one additional change detected in the retest phase or overall performance below 20%), resulting in a total of 59 participants. For the riddles, we excluded five participants because they already solved 80% or more of the tasks during the initial phase, resulting in a total of 57 participants.
General procedure
The experimental session consisted of an initial encoding phase and a retest phase. In a between-subject design, participants were randomly assigned to the sleep (s_inc+) or wake incubation (w_inc+) groups, or to the respective control groups (s_inc−, w_ inc−; see Figure 1 ). The inc+ groups had an incubation period of 4.5 hours between the first and second solution attempt, which was spent either awake or asleep. The inc− control conditions spent an equivalent interval awake or asleep before the first solution attempt, which was immediately followed by the second attempt. Upon giving informed consent, participants were seated in a quiet room and received recorded verbal instructions as well as visual instructions on computer screens. The three experimental tasks were always presented in the same order (change detection, riddles, anagrams). To prevent experimenter or participant expectancy effects on initial performance and to avoid adaptation of prior sleep, participants in the incubation groups were assigned to either the sleep or the wake condition only after the initial phase. Participants in the w_inc+ group were allowed to leave the laboratory for 4.5 hours. They were instructed not to nap during this time, and they were told not to eat heavily, not to perform cognitively challenging tasks nor to work on the previously presented tasks. Upon returning to the lab, participants reported their activities in a questionnaire. All participants also explicitly confirmed not to have taken a nap while away. Participants in the s_inc+ group spent the same 4.5 hours in the sleep lab and were allowed to sleep for a maximum of 3 hours. The two other groups (w_inc−, s_inc−) proceeded immediately to the retest phase with the second solution attempt. During the retest phase, participants again worked on the three now already familiar tasks, but had more time to find the correct solution. Directly after the retest, we asked participants whether they had known any of the tasks beforehand. In consequence, there were five cases in which one item was excluded from the analysis. Prior to each testing, all participants were asked to report their self-reported fatigue on a 10-cm visual analog scale.
Problem-solving tasks
We used three different tasks designed to test distinct aspects of problem-solving. Presentation times for all tasks were chosen according to pretested difficulty levels to ensure optimal encoding, an initial solution rate of around 30% and a retest solution rate of around 75%. Because problem-solving tasks are very susceptible to experimenter influence, there was no interaction with the experimenter during task instruction and problemsolving. Solutions were verbalized by the participants and electronically recorded. Raters judging the correctness of solutions were blind to the participants' experimental condition.
Change detection
Change blindness refers to the failure of noticing an obvious change in a visual scene that occurs after a brief visual disruption Figure 1 . Experimental procedure of the study. Participants were randomly assigned to one of four groups. s_inc+ included an incubation period between the initial and the retest phase that was spent asleep. w_inc+ included an incubation period that was spent awake. Control groups s_inc− and w_inc− did not have an incubation period, but the retest phase immediately followed the initial phase. s_inc− participants were also allowed to sleep, but before the initial phase. w_inc− participants only came to the laboratory for the initial and retest phases. EEG: application of EEG electrodes. [52] . A well-known approach to investigate change blindness is the flicker task [63] , where an original and a changed image are repeatedly presented in rapid succession, only separated by a brief blank screen, creating the impression of a flickering stimulus. Both images were repeatedly presented for 500 ms each, separated by a black screen for 100 ms ( Figure 2 ). For seven of the stimuli, presentation time during the initial phase was 7 s; for the remaining three more difficult stimuli, presentation time was 10 s. During retest, all stimuli were presented for 30 s. Participants had to indicate via a button press when they detected the change. The order of the stimuli was randomly assigned to each participant.
Riddles
In addition to investigating perceptual insight in the change detection task, we let participants work on five different riddles (Supplementary Material). Participants were asked to solve a rebus-like task and a classical rhymed riddle. Next, participants had to solve a logical riddle, where participants had to identify the wrongdoer in a short story about a broken window. The last two riddles tested logical thinking in a way analogous to Raven's Progressive Matrices, in which participants have to fill the gap in a matrix of symbols choosing from a given selection of symbols [64] . Presentation times during the initial phase are shown in Figure 3 . During retest, all riddles were presented again, but this time for 3 minutes each. All of the riddles investigate convergent problem solving with only one possible correct solution.
Anagrams
We also included generating anagrams of a given word, as this type of task is often used in research on divergent problem solving [65] . In this task, participants had 60 s for each of 10 words in the initial phase and 90 s in the retest phase to come up with as many anagrams from 10 given words as possible. All the words were German nouns consisting of five to seven letters and had between three and seven anagrams (Table 1) .
Performance rate for all tasks was measured as the number of solved items divided by the number of previously unsolved items. Contrary to the study of memory consolidation, in problem-solving with incubation, it is not possible to use repeated pre-post measurements, because problems solved in the initial phase cannot be solved a second time and also cannot be replaced by new items because these have not been incubated. Thus, the number of possible answers in the retest is necessarily limited by the number of items solved in the initial phase. Therefore, the proportion of previously unsolved items that is solved in the second solution attempt is the main dependent measure for analysis. Solution rates in the initial phase are reported for completeness. Note that it is not possible to directly relate initial and retest performance rates. Instead, using a relative measure to assess retest performance accounts for potential differences in initial solution rates.
Sleep and polysomnography
For sleep scoring, EEG was recorded using a BrainAmp (Brain Products, Gilching, Germany) amplifier. Electrodes were placed at C3 and C4 electrode positions according to the 10-20 system, horizontal and vertical EOG was recorded at both temples and above and below one eye, and EMG was recorded from two chin electrodes. Reference and ground electrodes were placed at the nose and Fpz, respectively. All channels were notch-filtered at 50 Hz. Additionally, EEG channels were filtered between 0.5 and 30 Hz, a 10-Hz low-pass filter was applied to the EOG channels and a 25-Hz high-pass filter was applied to the EMG. Sampling rate was 250 Hz. The recordings were scored offline in 30 s epochs by two raters according to the criteria by Rechtschaffen & Kales [66] . Whereas full-night sleep studies commonly include adaption nights, in this study, we did not include an adaptation nap, following many nap studies [67] [68] [69] .
As expected, sleep data shows that participants were still able to achieve both slow-wave sleep (SWS) and REM sleep (Table 4 ). 
Statistical analyses
Analyses were done in SPSS 21. Main results relied on analysis of variances (ANOVAs) with the factors incubation (incubation/ no incubation), state (sleep/wake) and the incubation × state interaction. Hypotheses of interest related to the main effect of incubation (incubation > no incubation) and to the interaction (incubation/sleep > [no incubation/sleep = incubation/wake = no incubation/wake]). Note that no main effect of the factor sleep was expected, because the no incubation/sleep control group slept before performing the initial encoding phase.
Potential differences between groups in initial fatigue were assessed with a two-way ANOVA with the factors incubation and state (sleep/wake). Fatigue at retest was assessed in the incubation groups with a one-way ANOVA with the factor state. Fatigue at retest was also included as a covariate in an additional twoway analysis of covariance (ANCOVA) of retest solution rates with the factors incubation and state. Sleep stage distribution in the two sleep groups was investigated with independentsamples t-tests for all sleep parameters. For the s_inc+ group, Pearson correlations were calculated to detect potential associations between time spent in each sleep stage and solution rates at retest. Uncorrected p-values and Bonferroni-corrected significance thresholds are reported. To exclude a possible influence of verbal intelligence, we compared verbal intelligence among the four groups using a one-way ANOVA with four levels. To account for potential differences between high and low verbal intelligence participants in the effects of incubation and sleep on problem-solving, we performed a median-split and re-analyzed retest solution rates with a three-way ANOVA with the factors incubation, state (sleep/wake) and intelligence (high/low).
To investigate a potential differential effect of sleep on easy versus difficult problems, we calculated individual item difficulty as the mean overall solution rate. For the anagrams, this was calculated as the number of correctly generated anagrams divided by the number of possible anagrams. Items were then split at the median into easy and difficult problems (change detection: 72.54 ± 2.73% vs. 38.64 ± 2.16%; anagrams: 57.09 ± 9.77% vs. 27.12 ± 10.61% average solution rate for easy and difficult problems, respectively) and an ANOVA on the retest solution rates was performed with state and incubation as between-participants factors and problem type (easy vs. difficult) as a within-participants factor. For the riddle task, all items were analyzed separately. Overall solution rates throughout the whole experiment, which served as an indicator of task difficulty, were 14 ± 4.6%, 52 ± 6.6%, 72 ± 5.6%, 71 ± 6.0%, and 38 ± 6.4% for riddles 1-5, respectively. Retest solution rates were analyzed in an ANOVA with state and incubation as between-participants factors and riddle as within-subject factor. Additionally, retest solution rates were analyzed separately per riddle in ANOVAs with state and incubation as between-participants factors.
Supplementary Bayesian modeling was performed in JASP 0.8.5.1 to estimate the evidence for the absence of an additional effect of sleep going beyond a general effect of incubation. In all analyses, all models were considered equally likely. The Cauchy prior was centered on 0 and its width r scale for fixed effects was set to the suggested JASP default value of 0.5. We additionally report the range of r scale values over which the reported evidence holds. If not indicated otherwise, data are reported as M ± SEM. Significance was assumed based on two-sided tests with α = 0.05. Solution rates were computed as the ratio of solved items to items that were encoded, but remained unsolved during the initial phase, that is, the proportion of incubated items that were solved.
Results
Riddles
We first investigated the differences between the four conditions in solving word and logic riddles. In the initial phase, which served to prime the participants with the tasks, groups did not differ significantly regarding their performance. At retest, where participants were tested only on those tasks not already solved during the initial phase, we observed a main effect for incubation. However, it did not make a difference, whether the incubation period was spent asleep or awake ( Figure 4 , Table 2 ). In order to assess the effect of sleep in more detail, we used Bayesian modeling to estimate the fit of the observed data under a model including sleep and the interaction of sleep and incubation compared to a null model that only included incubation. We observed a null model Bayes factor (BF 01 ) of 2.974, providing anecdotal evidence against a model including sleep, and a BF 01 of 8.069 , providing substantial evidence against a model including sleep and the interaction of sleep and incubation [70] . This substantial evidence against an additional effect of sleep compared to wakeful incubation holds over a range of r scale between 0.23 and 0.6. Our observed data are therefore eight times more likely to support a model that only includes incubation as a significant predictor of solving riddles, lending substantial evidence against an effect of sleep that goes beyond the effect of incubation. The posterior probability for a model including sleep and the interaction of sleep and incubation given our data (P(sleep + sleep × encoding|data)) was only 8.2%. Accordingly, we did not observe significant correlations between time spent in specific sleep stages and solution rates at retest (Table 3) . Solving riddles thus profited from a period of incubation, but sleep did not produce an additional increase in performance (see Supplementary Table S1 for detailed performance data in the initial and retest phase).
Change detection
In the initial phase, there was no significant difference in change detection performance between the groups. At retest, there also were no differences between groups regarding the change detection rate ( Figure 4 , Table 2 ). Again, Bayes factors rather supported the null models instead of models including sleep (BF 01 = 1.302), incubation (BF 01 = 1.072), both factors (BF 01 = 1.633), and both factors including the interaction (BF 01 = 2.933, P(sleep + sleep × encoding|data) = 9.2%). Substantial evidence in favor of the null model against the interaction model (BF 01 > 3) is supported by a minimum r scale > 0.51. Furthermore, we did not observe significant correlations between time spent in specific sleep stages and the change detection rate (Table 3) . Neither incubation nor sleep influenced visual change detection performance.
Anagrams
The number of anagrams per word ranged between three and seven, with a total number of 42 possible anagrams. There were no differences between groups regarding performance during the initial phase. At retest, there were also no differences between groups ( Figure 4 , Table 2 ). Bayesian modeling provided only anecdotal support for a null model not including incubation (BF 01 = 2.449), yet substantial to strong support for the null model compared to models including sleep (BF 01 = 3.172), both factors (BF 01 = 7.053), and in particular both factors and their interaction (BF 01 = 21.958, P(sleep + sleep × encoding|data) = 2.0%), speaking strongly against a beneficial effect of sleep that surpasses that of incubation. This strong evidence against an additional effect of sleep holds over a range of r scale between 0.15 and 0.58. These results indicate that neither incubation nor sleep influenced anagram performance. We observed a marginally significant positive correlation between anagram solution rate and time spent in sleep stage S2 (Table 3) , and a marginally nonsignificant correlation with total sleep time. However, these correlations did not survive correction for multiple comparisons, and must thus be interpreted with great caution, particularly because we observe no overall benefit of sleep as compared to wakefulness. All participants were able to fall asleep in the laboratory. The s_inc− group required about 20 min more to fall asleep. The s_inc+ group, therefore, had about 20 minutes longer total sleep time, which they spent in S2 sleep (Table 4) . A reason for this might be that the no incubation group had less time to calm down after arriving at that laboratory before the nap. Fatigue did not differ significantly across groups at initial testing (Supplementary Table S2 ). Wake group participants reported marginally more fatigue than sleep group participants at retesting after incubation (incubation: Table S2) . Entering fatigue as a covariate did not affect the reported results (Supplementary Table S3 ).
As general cognitive abilities might influence problem solving capability, participants also completed a verbal intelligence test (Mehrfachwahl-Wortschatz-Intelligenztest MWT-B [71] ). Groups did not differ regarding their verbal intelligence (incubation: Table S4 ).
There is some evidence in the literature, that sleep might exert a differential influence on problem-solving depending on problem difficulty [44] . An additional analysis separating easy versus difficult items for every task yielded no influence of difficulty on effects of sleep or incubation on problem-solving. There was no three-way interaction incubation × state × difficulty for any task (Supplementary Table S5 ). Also, separate analyses of easy and difficult problems did not result in any significant interaction incubation × state either for change detection (Supplementary Table S5 ). When individually analyzing the five riddles, which have different difficulties, we also did not observe an effect of incubation × state (Supplementary Table S6 ).
Discussion
The goal of the present study was to disentangle possible effects of incubation and sleep across a variety of problem-solving tasks. We did not observe an effect of sleep on solution rates after encoding the problem representation for classical riddles, a change detection task, or anagram solving. A period of incubation per se, however, facilitated riddle solving. This indicates that sleep specific mechanisms do not support problem-solving in the kind of creative problem-solving tasks tested in this study, but further supports the idea that unconscious processing during an incubation period can be beneficial to subsequent solution attempts.
Previous research has identified a period of incubation as a prerequisite for successful problem solving [2, 3, [48] [49] [50] 72] . We also observe that a period of incubation facilitates solving classical riddles. It is possible that incubation allows circumventing an impasse by removing a fixation on a certain set of solutions. However, such a mechanism can already work after a relatively short off-task period [73] . In our inc− groups, participants still had several minutes between solution attempts on one particular problem, where they worked on other tasks, which would have allowed such a shift of attention. Therefore, the effects of long-term incubation observed here over wakefulness as well as sleep possibly arise from unconscious processing during the incubation period [1] . Unconscious activity might elicit recruitment of additional knowledge by spreading activation that travels along associated networks [74] , or it might support the restructuring of a problem representation by either allowing a switch in strategy [75] or by relaxing self-imposed constraints and widening the search space for possible solutions [34, 76] . While quantitative and qualitative reviews have identified small effects of incubation on problem-solving, several mediating factors, such as the type of problem and the activity during the incubation period have been suggested [2, 50] . In our study, performance on previously unsolved word and logic riddles significantly benefitted from an incubation period. This finding is in line with other studies also showing incubation effects for rebuses and logical riddles [72, 77] . As the selection of riddles was not homogeneous, we cannot determine the aspect of riddle solving that benefitted from incubation in more detail.
Though change detection is not traditionally employed in the field of problem-solving, it is accompanied by a similar selfreported experience of insight as is common during other kinds of problem-solving [56] . We hypothesized that a period of incubation, and sleep in particular, would support the process of integrating the representations of both images into one, which is a prerequisite for identifying differences between both stimuli. Regarding the successful detection of visual change, Jensen and colleagues [52] have proposed five distinct and successive steps: (1) Focusing attention to the change location, (2) encoding the pre-change target location into memory, (3) encoding the post-change target location, (4) comparing visual representations of the pre-and post-change locations, and (5) consciously recognizing the discrepancy [78] [79] [80] . We hypothesized that a period of incubation, and sleep in particular, would support the process of integrating both images into a common network, which is a prerequisite for comparing both stimuli in order to identify irregularities [52] . In our study, however, a period of incubation, regardless of whether it was spent awake or asleep, did not increase the change detection rate, speaking against an unconscious off-line comparison of both encoded images during this time.
Surprisingly, we also did not observe an effect of incubation on anagram solution rates [2] . A number of studies have observed a positive influence of incubation on anagram tasks and argued that a period of rest helps to resolve fixation [12, 59, [81] [82] [83] . According to Öllinger and colleagues [84] , however, the central task in anagram solving consists of searching through the mental dictionary until a correct word that fits the requirements is found, which might additionally implicate a role of spreading activation in facilitating anagram production. In an extensive study, Vul and Pashler [60] did not observe effects of incubation for solving anagrams, regarding both solution rates and solution times, arguing that effects reported in the previous literature may have been confounded by other phenomena, such as effects of fatigue or effects of cue presentation during the resting period. This finding is in line with our results. However, it is also possible that we could not see a difference between inc+ and inc− groups because both included breaks with attentional diversion between solution attempts, which might already have removed attention fixation and impasse.
Sleep's role in shaping newly encoded information has been investigated intensively during the last decade [4, 5, 8, [22] [23] [24] 85] . Apart from the well-established consolidation of memory traces [8] , some evidence points into the direction that sleep also fosters a qualitative transformation of memories [4] [5] [6] [7] , for example, when extracting statistical regularities during probabilistic learning [27, 31, 32] or during inferential reasoning [30] . Also, sleep is said to promote the integration of novel information within existing networks and may help to generalize knowledge over multiple learning instances [6, 27] . Some authors have argued that sleep might even aid creative problem solving [39, 42, 44] . If so, sleep-specific mechanisms would have to enable a manipulation of knowledge items on the meta-level to allow for a novel recombination of elements, ultimately leading to the problem solution [4] . However, we could not find supporting evidence for a beneficial effect of sleep on creative problem-solving in any of our tasks, which is in line with previous studies that used the Remote Associates Test and also did not find a general beneficial effect of sleep on problem-solving [45, 86] . Furthermore, a period of sleep also did not benefit problem-solving in a basal perceptual task, specifically requiring the comparison of visual representations between two images [52, [78] [79] [80] . Sleep thus does not seem to promote the necessary exchange between both image representations required for change detection.
Finally, when considering the anagram task, whether a beneficial effect of sleep is expected depends on which underlying mechanisms are assumed. For one, solving anagrams can be thought to rely on an analytical approach that requires conscious processing in order to test letter combinations in a step-by-step manner [84] . Alternatively, anagram solving could rely on the emergence of spontaneous associations through spreading activation. Indeed, a couple of studies have linked REM sleep to associative thinking and memory, arguing that its neurophysiology particularly favors spreading activation [4, 61, [87] [88] [89] . Accordingly, one study reports a higher number of solved anagrams after awakenings from REM sleep compared to NREM sleep [61] . Although this study did not directly investigate problem-solving during sleep, it is often cited to support that the neurophysiological state of REM-sleep leaves the brain in a more flexible state than SWS. Our study, in contrast, does not provide evidence for a specific role of sleep, or REM sleep in particular, on anagram solving.
Cai and Mednick [45] showed that REM-sleep increased the likelihood for participants to name the correct solution in the Remote Associates Test, but only when the associated word had been subconsciously presented before going to bed. Their finding fits well with existing literature on sleep's role for memory [8] [9] [10] [11] [12] [13] . It indicates that sleep is beneficial for a strengthening of existing neural traces but speaks against a role of sleep in higher-level processes that would be necessary for creative problem-solving. Consequently, sleep neither generates qualitatively new information as in the riddles, nor does it create access to the verbal dictionary as in the anagram tasks, nor does it help to compare visual information as in the change blindness task. Together with previous studies, many different cognitive capacities required in problem-solving have now been tested and showed no benefit from sleep [45, 90] . However, it should be noted that our conclusion that sleep does not benefit problem-solving is based on effects observed over a 3-hour nap opportunity. Another limitation of our study is that, participants in the wake groups did not remain under constant supervision, and we, therefore, cannot entirely exclude the possibility that some participants might have taken a nap during the 3 hours and not told the truth about it. Whether nocturnal sleep or even multiple nights of sleep affect our ability to solve problems remains to be tested. Previous studies indicate that a nap is sufficient, at least to detect a positive effect of sleep on the strength of new memories [12, 67] . We suggest that sleep might support problem-solving principally in those tasks in which the solution was already primed before sleep. However, delineating those cognitive faculties that benefit from sleep incubation and those that do not will in our opinion be a major task in the future of the field.
Conclusion
In this study, we used three very different tasks to disentangle incubation and sleep effects on problem-solving. While we find some evidence for incubation, we cannot support the notion that sleep aids creative problem-solving. In contrast to the strengthening of memory traces, to the extraction of common elements from previously encoded information or to a spread of activation, creative problem solving also requires a recombination of previously unrelated cognitive concepts and the evaluation of new possible solutions, that is, executive functions. Our data does not support the idea that sleep is able to perform these types of tasks.
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